Focal spot size is one of the crucial factors that affect the image quality of any x-ray imaging system. It is, therefore, important to measure the focal spot size accurately. In the past, pinhole and slit measurements of x-ray focal spots were obtained using direct exposure film. At present, digital detectors are replacing film in medical imaging so that, although focal spot measurements can be made quickly with such detectors, one must be careful to account for the generally poorer spatial resolution of the detector and the limited usable magnification. For this study, the focal spots of a diagnostic x-ray tube were measured with a 10-µm pinhole using a 194-µm pixel flat panel detector (FPD). The twodimensional MTF, measured with the Noise Response (NR) Method was used for the correction for the detector blurring. The resulting focal spot sizes based on the FWTM (Full Width at Tenth Maxima) were compared with those obtained with a very high resolution detector with 8-µm pixels. This study demonstrates the possible effect of detector blurring on the focal spot size measurements with digital detectors with poor resolution and the improvement obtained by deconvolution. Additionally, using the NR method for measuring the two-dimensional MTF, any non-isotropies in detector resolution can be accurately corrected for, enabling routine measurement of non-isotropic x-ray focal spots. This work presents a simple, accurate and quick quality assurance procedure for measurements of both digital detector properties and x-ray focal spot size and distribution in modern x-ray imaging systems.
INTRODUCTION
The total imaging performance [1, 2] of any x-ray imaging system depends significantly on the x-ray focal spot. The finite size of the focal spot introduces geometrical unsharpness [2, 3] that degrades system resolution [3] . The effect of the finite size focal spot and geometrical un-sharpness on total system performance can be evaluated using generalized linear system metrics such as the GMTF and the GDQE [1, 2, [4] [5] [6] [7] and, hence, accurate measurement of the focal spot is essential. For focal spot measurements, a pinhole camera [8, 9] or a slit camera [10] is generally used. In the past, focal spot size measurements were carried out using high resolution analog film detectors with special arrangements to allow for large magnifications. Currently, digital detectors are replacing analog film systems and the availability of film processors is limited in the clinic. Focal spot measurements can be carried out using digital detectors with a pinhole or slit camera [11] ; however, where digital detectors are an integral part of a C-arm angiographic gantry, the limited magnification available combined with the reduced digital detector spatial resolution may easily result in inaccurate measurements. Digital detector blur may be removed by deconvolution with the detector MTF; however, MTF measurement techniques such as the slanted slit [12] or the slanted edge [13] methods, only give a one dimensional MTF. Use of a one dimensional MTF would not be able to remove the detector blur except in the dimension measured unless the MTF were radially symmetric. Our group recently developed a new method to measure the full two dimensional detector MTF. This new method known as the Noise Response (NR) method [14] uses the 2D noise power spectrum of the detector which is a function of the two dimensional MTF. Once we have obtained the 2D detector MTF, it can be used to deconvolve the 2D pinhole image of the focal spot to accurately obtain the focal spot size independent of detector blurring.
METHOD AND MATERIALS
A standard flat panel detector (FPD) with 600 micron thick CsI(Tl) and 1024X1024 194-micron pixels (Varian PaxScan 2020+, Palo Alto, CA) mounted on a C-arm gantry (Infinix, Toshiba Medical Systems Corporation) was used for this study. A standard 10 micron pinhole (Fluke Biomedical, Model-01-633) was used to image the focal spot. The experimental set-up is shown in Figure 1 . The pinhole was put on the x-ray tube beam exit port at a distance of 30 cm 
CONCLUSION
In this study, we show that focal spot measurement with a gantry-mounted digital x-ray imager can be done easily and accurately even if large magnification is not available to reduce the effect of detector blurring. Use of deconvolution with the detector MTF enables accurate focal spot size without the need for a high-resolution detector. In this study, we showed our results for the measurement of the small focal spot because the effect of detector blurring is relatively more important than for a larger focal spot size. The significance of the detector deconvolution will be more apparent for even smaller focal spot sizes. Use of the Noise Response method also enabled us to measure the 2D detector MTF and to get insight into the non-isotropy of the MTF that could not be easily visualized with any other standard measurement method. This determination of the 2D detector MTF allowed 2D correction of the measured x-ray focal spot. These techniques using the 2D detector MTF could lead to more complete and improved quality evaluation procedures for both x-ray tube and detector.
